P rojections of the effects of global warming in Alaska and northwestern Canada suggest comparatively high rates of climate change and a lengthened growing season Huybers 2013, Chapin et al. 2014 ). Even subtle changes will affect the biota of this region. Birds have long served as indicators of environmental health (e.g., canaries in coal mines, Silent Spring, Spotted Owl), and, because of their mobility, many bird species are likely to be among the first organisms to show changes in distribution associated with current climate change. Birds' visibility makes them relatively easy to detect, and on the basis of simple presence-absence, mapping their ranges is comparatively easy. Furthermore, unlike most of North America, Alaska and northwestern Canada represent vast, natural ecosystems with little direct anthropogenic modification. Thus any range shifts observed are not likely to be caused by direct anthropogenic modifications of habitat.
For many bird species, structural considerations of habitat are important. For example, a requisite tree nester cannot nest where there are no trees. Populations of other species probably experience range limitation due not to structure but to the amount of time available to successfully reproduce and molt near the northern limits of the species' range. Such species, which are time-limited only in these edge populations, should show more rapid changes in distribution. Resource-limited species should show slower change, because there will be some lag time in, for example, the growth of forest where it does not presently occur. This scenario is perhaps simplistic, but in sum we expect the ranges of time-limited species to shift relatively rapidly when requisite substrate exists in an area (especially a contiguous area) not previously occupied (Figure 1) . Note that this hypothesis considers only populations at the northern edge of a range, those most likely to be time limited, and it makes no predictions about changes elsewhere Some broad-scale effects of recent and future climate change among migratory birds in Beringia Kevin Winker 1, * and Daniel D. Gibson 1 Full citation: Winker, K., and Gibson, D. D. 2018 
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Abstract: Birds from all seven continents come to Beringia to breed in the northern summer. For birds breeding there, Beringia's position at the head of the Pacific Ocean requires substantial longitudinal (east to west and west to east) movements coming and going. These movements are most apparent to us in continental "crossover" species, Asian taxa breeding in North America and North American birds breeding in Asia. Those individuals reaching range limits in Beringia commonly travel long distances to take advantage of short summers, and many of their range limits are likely caused by time constraints: travel time plus the time required to successfully reproduce and (for most) to molt must fit into the finite constraints of the length of the summer. These constraints become most apparent when a breeding range limit is longitudinally distant from the nearest wintering area, and the most visible examples involve species whose ranges stop before the limit of apparently appropriate habitat. It is these species whose ranges we expect to change most rapidly when even small increases in the time available at high latitudes (i.e., a longer growing season) give them more time to travel farther east or west at these latitudes. in the range (where we expect time limitation to be a less important factor). Another consideration that emphasizes the importance of continued monitoring of range shifts rather than focusing on abundance in assessing the effects of climate change is that abundance changes may be due to many factors, including phenomena acting on species' winter ranges. Range limits, on the other hand, are largely defined climatologically and physically (though in some species increased abundance can cause range expansion); range shifts generally reflect changes in the physical constraints (and the ecological conditions they produce) at the geographic limits of a species' tolerance. In many documented cases, these changes have been caused by direct anthropogenic changes opening up new habitats for a species. In the vast untouched reaches of northwestern North America, however, such anthropogenic alterations play an insignificant role.
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Range expansions
The ranges of many North American landbirds project toward the northwest, probably reflecting a prehistoric advance in the interior of the continent as environments moderated after glaciation ( Figure 2 ). It is among these species that we might look first for continued range expansion as conditions become more favorable beyond the present northwestern edges of their ranges. Many North American species will likely spread northward, but expansion in this direction is not as easy to document as that to the west, particularly when these high latitudes have relatively few human observers.
Note that we are considering only species likely to be affected by time limitation in Beringia. This No. 3 region has been rather loosely defined, but for our purposes it is roughly the area between the Lena River in Siberia and the Mackenzie River in Canada south to about the tip of the Kamchatka Peninsula (West 1998 ; Figure 3 ). Other environmental and ecological factors are important, such as habitat and prey availability and probably competitive exclusion in new avian assemblages. Thus we do not expect all species with northwestward range projections to spread, or for those that do to respond equivalently in distance. Indeed, numerous studies have shown that individual species respond in complex, heterogeneous ways to the multiple effects of global warming such as changes in temperature and precipitation (e.g., Angert et al. 2011 , Tingley et al. 2012 ). Predictive models are incorporating an increasing number of potentially important factors (e.g., Huntley et al. 2008 , Angert et al. 2011 , Barbet-Massin et al. 2012 . Because factors such as habitat and prey availability, precipitation, and competitive exclusion might affect a species' longitudinal distribution in Beringia, they may be difficult or impossible to tease out from time effects alone. Nevertheless, time constraints have thus far not been a factor in these models.
While numerous studies have documented avian range shifts associated with climate change-primarily poleward and in elevation-(e.g., Zuckerberg et al. 2009 , Auer and King 2014 , Virkkala and Lehikoinen 2014 , Mizel et al. 2016 , wider considerations of non-poleward shifts are only beginning to be addressed. For example, Gillings et al. (2015) found that range shifts among British birds have been multidirectional, with extensions to the northeast and northwest being most pronounced.
Populations of obligate migrants near the northern edges of their ranges often occupy their breeding ground for notably short periods. For example, Benson and Winker (2001) , examining the median dates of spring and autumn passage of adult passerines at Fairbanks, Alaska, inferred occupancy of the breeding range as short as 48 days in the Alder Flycatcher (Empidonax alnorum), a species that molts after autumn migration, and 84-86 days in the Yellow Warbler, (Setophaga petechia), Northern Waterthrush (Parkesia noveboracensis), and Hammond's Flycatcher (Empidonax hammondii), species molting prior to autumn migration. Given that the vast majority of the birds recorded in this study were still in migration, these median dates may be considered to indicate the maximum average numbers of days spent on breeding grounds for populations to the north and west of Fairbanks. This location had an average frost-free period of 105 days and, on the short side, a minimum possible period of just 51 days (at the time of the study in the 1990s). These are thermal factors affecting prey availability (especially for insectivores) and almost certainly representing strong selective forces on the timing of movements and breeding (e.g., nearly all species examined timed their movements to coincide within the long-term average frost-free period).
The main challenge that such time constraints place on these populations is on reproduction: compressing the time to obtain a territory, build a nest, lay eggs, incubate, feed young to independence, and (for most species) molt before having to migrate to wintering grounds. We can see the effects of these time constraints in several ways. One is that double brooding (successfully raising more than one clutch of offspring) is rare at high latitudes (Hussell et al. 2014) . Another is a negative effect on clutch size (Rowe et al. 1994) , and yet another is in the degree to which high-latitude populations overlap the energetically demanding life stages of reproduction, molt, and migration, long considered to be so energy intensive as to be separated temporally among most birds (e.g., Payne 1972 , Cannell et al. 1983 , Vega-Rivera et al. 1998 . It is no accident that the highest levels of overlap between these energetically costly stages are being found among high-latitude populations, where evidently there is simply not enough time to spread them out as at lower latitudes (Rimmer 1988 , Flockhart 2010 , Benson and Winker 2015 .
For example, among 17 species of passerine migrants at Fairbanks, Alaska, Benson and Winker (2015) found a negative correlation between the length of occupancy of the breeding ground (defined by the difference between median spring and autumn dates of passage) and the amount of overlap of molt and migration. In addition, they found high levels of overlap of molt with fat accumulation. Both findings are concordant with the hypothesis that time constraints promote overlap of these energetically demanding undertakings.
Here, our methods for considering time limitation likely to be affecting a migratory species' range edge included examination of migratory species' range edges in Beringia, habitat, and whether the range of likely ecological replacement species (e.g., a closely related congener) might prove a more limiting factor (through competitive exclusion). As noted above, other factors can also affect ranges; we focus on where time constraints are most likely to be active. Sources included the Birds of North America Online (Rodewald 2015) , 
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National Geographic (2002), del Hoyo et al. (1992 ), and Brazil (2009 . Taxonomy follows AOU (1957, 1998) , Browning (1988) , and Gibson and Withrow (2015) .
There are many migratory North American species whose range is likely to spread in eastern Beringia relatively quickly (over the course of decades, rather than centuries) in response to climate change (Table 1 ). There are also many Asian species likely to undergo relatively rapid range expansions in western Beringia in response to a longer growing season at high latitudes (Table 2) . And, finally, there is a smaller subset of migratory species from both continents that have already colonized (or nearly so) the opposite continent in which we can expect range expansions farther east (for Asian species) or west (for North American species) as warming continues and breeding seasons at these latitudes lengthen (Table 3 ). We observe again that multiple factors affect range edges, and that time constraints alone are not likely to be able to be teased out as acting alone in relation to other factors. However, it is among these species that we most expect time limitation to play a role in Beringian range limits.
Contiguity: stepping-stone VeRsus Continuous-FRont Models
Range shifts across a continent with contiguous habitat will probably proceed on a continuous front, moving gradually. This suggestion is supported by the varying positions of the northwestern (and northeastern in Asia) fronts of species' ranges currently: no clear thresholds or transitions are evident. Among islands and archipelagoes, however, an island must be able to sustain a population before a species can successfully colonize. Thus among islands and archipelagoes we can expect more stutter, or greater variance, as these relatively small patches of range become suddenly available to a species (due also to habitats being noncontiguous and the distances between them; MacArthur and Wilson 1967). Conceptually, landbird species colonizing North America from Asia may follow a similar pattern, given the important water crossing of the Bering and Chukchi seas that some species appear to make easily while others do not (yet). For a number of these, ecological replacements already on the continent being potentially colonized may exclude them through competition (particularly members of the same genus or of the same species, in cases of polytypic species with different subspecies on opposite sides of the Bering Sea). In such cases ecological rather than climatological factors will play a more important role in determining range edges. We have excluded such taxa from our tables (e.g., the tattlers, Tringa brevipes and T. incana). Alaska, with a massive interior and a vast number of islands, is a superb natural laboratory in which these continuing and likely accelerating natural experiments might be observed.
There is a strong latitudinal component to habitat contiguity, and this has had important biogeographic consequences. The similarities of the arctic and Beringian avifaunas of Asia and North America increase with latitude (Mayr 1946 , Kessel 1963 , Stegmann 1963 ). Thus, for example, we expect less habitat contiguity and a higher threshold for intercontinental colonization and range expansion for forest-associated species than for nonforest species.
soMe ConsequenCes oF Range shiFt
Most natural intercontinental colonists (e.g., Table 3 ) have not had any recognized negative effects on the avifauna of the continent being colonized. However, if Asian cuckoos, obligate nest parasites, colonize North America (Table 2) , we're likely to see severe negative consequences among North American songbirds, particularly among the many naïve populations in much of northwestern North America.
The combination of two migration systems in Alaska makes it likely that in this region birds cause regular intercontinental exchange of pathogens (e.g., Winker et al. 2007 , Pearce et al. 2011 , Runstadler et al. 2013 , Lee et al. 2015 . The same is true of parasites. These exchanges have not been well studied, so we do not yet know the frequency of such occurrences. However, mixing of birds from these two migration systems is likely to increase with warming because longer summers at high latitudes will increase overlaps in both ranges and the time of occupancy of high latitudes. New combinations of species will also arise. Increased mixing and new combinations of vector species will provide what will essentially be dynamic new host communities, a cauldron of new opportunities for colonization of hosts, viral reassortment, and selection. Lee et al. (2015) indicated that the highly pathogenic avian influenza outbreak of 2014-15 in North America was due to wild birds introducing the virus through this intercontinental contact zone. This suggests that the consequences of the mixing of vectors, diseases, and parasites in this region could be profound for birds and humans. Arkhipov and Ławicki 2016) .
In summary, we expect climatic warming in Beringia to enable some species of migratory birds, those that are probably time-limited at their range edges, to substantially expand their ranges in this region, on a primarily east-west axis. While other factors will affect birds' range shifts in Beringia, we highlight the taxa we consider most likely to respond to longer growing seasons and a corresponding relaxation of time constraints.
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